Kinetics of the NϩH 2 ↔NHϩH reaction have been studied using a direct ab initio dynamics method. Potential energy surface for low electronic states have been explored at the QCISD/ cc-pVDZ level of theory. We found the ground-state reaction is N( 4 S)ϩH 2 →NH( 3 ⌺ Ϫ )ϩH. Thermal rate constants for this reaction were calculated using the microcanonical variational transition state theory. Reaction path information was calculated at the QCISD/cc-pVDZ level of theory. Energies along the minimum energy path ͑MEP͒ were then refined at the QCISD͑TQ͒/ cc-pVTZ level of theory. The forward and reverse barriers of the ground-state reaction are predicted to be 29.60 and 0.53 kcal/mol, respectively. The calculated rate constants for both forward and reverse reactions are in good agreement with available experimental data. They can be expressed as k (T) 
I. INTRODUCTION
Nitrogen-containing compounds play an important role in atmospheric chemistry and in many combustion and explosion processes. The mechanisms of these processes are generally very complicated and involve hundreds of reactions or more. 1, 2 Kinetic simulations are often used to elucidate the mechanisms of these processes. 3, 4 However, the effectiveness of such simulations depends on the accuracy of rate constants of elementary reactions. It is difficult to measure thermal rate constants of reactions involving reactive radicals due to the rapid secondary reactions of the product radicals. Thus, direct ab initio dynamics methods, which have been confirmed to be sufficiently accurate, are often effective tools for predicting the kinetics of these reactions. [5] [6] [7] [8] The N( 4 S)ϩH 2 →NHϩH reaction is a very important elementary reaction in many combustion processes of N-containing compounds, e.g., the thermal decomposition of RDX and HMX. 9 However, there have been very few direct experimental studies on this reaction due to the difficulty in preparation of N atoms. Koshi et al. 10 studied this reaction by the atomic resonance absorption technique in a shock tube apparatus over the temperature range of 1600-2300 K. The
Arrhenius expression is k(T)ϭ(2.8Ϯ0.2)ϫ10
14 exp(Ϫ33 Ϯ7 ͑kcal/mol͒/RT) cm 3 In the present study, we employed a high-level ab initio molecular orbital method to study the reactions of N atom with H 2 on several low-lying electronic states. The thermal rate constants of the N( 4 S)ϩH 2 →NHϩH reaction and its reverse reaction were calculated using the direct ab initio dynamics approach. 5, 7, 8, 15 Rate calculations are done using the microcanonical variational transition state theory ͑VT͒.
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II. METHODOLOGY
A. Microcanonical variational transition state theory
Microcanonical variational transition state theory ͑VT͒ is based on the idea that by minimizing the microcanonical rate constants k(E) along the MEP, one can minimize the error caused by the ''recrossing'' trajectories. [16] [17] [18] [19] [20] [21] Within the framework of VT, the thermal rate constant at a fixed temperature T can be expressed as
where is the statistical factor of the reaction, which is 2 for the forward and 1 for the reverse direction of the N( 4 S) ϩH 2 →NHϩH reaction, h and k B are the Planck and Boltza͒ Author to whom correspondence should be addressed. Electronic mail: truong@chemistry.chem.utah.edu mann constants, respectively. Q R is the total reactant partition function, which is the product of electronic, rotational, and vibrational partition functions. The relative translational partition function was calculated classically. However, the rotational and vibrational partition functions of the reactant were calculated quantum mechanically within the rigid rotor and harmonic oscillator approximations. N GTS (E,s) is the sum of states of electronic, rotational, and vibrational motions at energy E of the generalized transition state located at s, where s is the reaction coordinate. N GTS (E,s) along the MEP were also calculated quantum mechanically using the rigid rotor and harmonic oscillator approximations.
The rate constant calculations were carried out employing the THERATE program.
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B. Electronic structure calculations
Spin contamination has been a problem in the unrestricted Hartree-Fock wave functions of free-radical reactions. A recent study by Truhlar et al. 22 showed that UQCISD 23 and UCCSD 24 methods give reasonable geometries even though the spin contamination can be relatively large. However, the inclusion of triple excitations in the UQCISD͑T͒ 23 or UCCDT͑T͒ 23 is sometimes necessary for a good estimation of energy. In the present study, we used the UQCISD method with Dunning's correlation-consistent double-basis set 25 ͑ccp-VDZ͒ to perform all the geometrical optimizations, IRC calculations, and frequency analyses.
Since the ground-state reaction is on the quartet-state potential energy surface, we included corrections for triple and quadruple excitations in the QCISD method 26 ͓QCISD͑TQ͔͒ and used the Dunning's correlation-consistent triple-basis set 27 ͑cc-pVTZ͒ to refine the energies of the stationary points and selected points along the IRC of this reaction. The IRC was calculated in the mass-weighted internal coordinate with the small step size of 0.02 amu 1/2 bohr using the GonzalezSchlegel method. 28 Twenty-one points were automatically selected for Hessian calculations along the MEP by a focusing technique. 15 The information of these points was further used for calculation of variational rate constants. All electronic structure calculations were performed using the GAUSSIAN 98 program.
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III. RESULTS AND DISCUSSION
A. Potential energy surfaces
In order to have a good understanding of the reactions between N atom and H 2 , we calculated reaction channels involving different electronic states of N atom. The three lowest electronic states of N atom are 4 The results in this case may not be reliable and thus are not included here. We found the transition state for hydrogen abstraction reaction on the 4 ⌺ potential energy surface which suggests the reaction path to be rectilinear. A schematic diagram of the reaction channels is shown in Fig. 1 . The calculated geometries and frequencies at the stationary points are shown in Fig. 2 along with the available experimental data. 30 The calculated bond lengths of equilibrium species are generally larger than experimental values by less than 0.02 Å. The calculated bond angle of NH 2 is 2.4°s maller than that of the experimental data. The differences in the harmonic vibrational frequencies between calculations and experiments are smaller than 5%. At the transition state of the 4 ⌺ reaction channel, the N-H bond ͑1.109 Å͒ is shorter than the H-H bond ͑1.275 Å͒.
B. Minimum energy path of the ground-state reaction
We calculated the minimum energy path for the NϩH 2 reaction on the 4 ⌺ ground-state surface at the QCISD/ cc-pVDZ level of theory. The reaction path was found to be a rectilinear one. Figures 3 and 4 display the classic potential energy profile and the variation of bond lengths along the IRC, respectively. Note that the potential energy profile was corrected by a series of QCISD͑TQ͒/cc-pVTZ single-point calculations. The energy rises sharply in the region from Ϫ1.0 to 0.0 amu 1/2 bohr of the mass-weighted coordinate due to the breaking of the H-H bond, whereas the N-H bond is still in the process of forming. However, the rates of bond formation and dissociation are not the same. As the N( 4 S) atom approaches the H 2 molecule, a repulsive interaction between electrons in the p orbitals of the N atom with electrons in the orbital of H 2 gives rise to the first ϳ18 kcal/mol of the barrier. At s, about Ϫ0.8 H 2 begins to dissociate and the barrier continues to rise another ϳ13 kcal/mol. At the transition state, the N-H bond is already 95% formed. Figure 5 shows the plot of generalized frequencies along the reaction coordinate s. There are three vibrational modes along the reaction path; a doubly degenerate ⌸ bending vibration, and a ⌺ stretching vibration. The bending vibrations reach the maximum at the reaction coordinate s about Ϫ0.5 and they become the asymptotic values of zero at both reactant and products. The stretching shows the transformation of the H 2 stretch to the NH stretch vibration. 
C. Rate constants
As shown in Fig. 3 , the potential energy profile of the reaction N( 4 S)ϩH 2 →NH( 3 ⌺ Ϫ )ϩH is rather flat in the exit channel and the reverse barrier is quite small. The tunneling effect is expected to be small in this case. However, this type of reaction often has large recrossing effects. Table II lists the sum of states at the transition state and the minimum of the sum of state along MEP of the forward reaction at a given energy E. It can be seen that the differences between them become larger with increase of excess energy. At the excess energy of 125.5 kcal/mol, they differ by a factor of almost 2. Table III shows the calculated rate constants with and without variational effects for the forward reaction. The variational effects become larger with the increase of temperature. At 400 K, VT rate constant is about 8.0% smaller than the nonvariational transition state theory ͑TST͒ rate constant. At 2500 K, the difference becomes 38%. Figure 6 displays the calculated forward rate constants along with the available experimental data. 10, 11 It can be seen that the two series of experimental data approach each other when the temperature increases. The ⌬ log k deviation of the two experiments is 0.9 at 1500 K and decreases to 0.44 at 2500 K. The calculated rate constants are well located between the experimental data. However, the predicted values are closer to the data of Koshi et al. The calculated rate constants along with the available experimental data for the reverse reaction are depicted in Fig.  7 . No activation barrier was observed in the experiment of Morley. In our calculation, the best estimation of the barrier is 0.53 kcal/mol, which is close to the experimental result. 12, 13 The calculated rate constants are again in good agreement with the experimental data. The largest difference in ⌬ log k between the predicted data and experiment data is only 0.47. The fitted Arrhenius expression for the reverse reaction is k(T)ϭ5.55ϫ10 8 . Since the agreement with experiment data is excellent in the high-temperature limits and there are no experimental data available in the low-temperature range, the expressions obtained in the present work provide a good estimates for the kinetics of this reaction over a wide temperature range.
IV. CONCLUSIONS
We presented in this work a high-level direct ab initio dynamic study of the reaction between N atom and H 2 . Two electron state potential energy surfaces of this reaction, namely N( 4 S)ϩH 2 and N( 2 P)ϩH 2 , were studied at the QCISD/cc-pVDZ level of theory. The reaction of N( 4 S)ϩH 2 →NH( 3 ⌺ Ϫ )ϩH was found to be the groundstate reaction. Energetic properties along the ground-state reaction path were further improved by carrying out a series of single point QCISD͑TQ͒/cc-pVTZ calculations. Microcanonical variational transition state theory was used to calculate the rate constants for both forward and reverse reactions. The calculated rate constants for both forward and 
